RNA can hybridize to double-stranded DNA in the presence of 70% formamide by displacing the identical DNA strand. The resulting structure, called an R-oop, is fonned in formamide probably because of the greater thermodynamic stability of the RNA-DNA hybrid when it is near the denaturation temperature of duplex DNA. The rate of R-loop formation is maximal at the temperature at which half of the dIlex DNA is irreversibly converted to single-stranded DNA (the strand separation temperature or ts) of the duplex DNA and falls precipitously a few degrees above or below that temperature. This maximal rate is similar to the rate of hybridization of RNA to single-stranded DNA under the same conditions. At temperatures above the t5s the rate is proportional to the RNA concentration. However, at temperatures below t55 the rate of Rloop formation is less dependent upon the RNA concentration.
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Once formed, the R-loops display considerable stability; the formamide can be removed and the DNA can be cleaved with restriction endonucleases without loss of R-loop structures. It has recently been observed by R. L. White and D. Hogness (manuscript in preparation) that rRNA can hybridize to duplex DNA that codes for rRNA (rDNA) of Drosophila melanogaster. As observed in the electron microscope, these R-loop structures appear similar to the D-loop structures reported by Robberson et al. (1) . However, the duplex portion of the loop is an RNA-DNA hybrid rather than a DNA-DNA hybrid and has thus been termed an R-loop. In order to optimize the formation and utilization of R-loops observed by White and Hogness, we have studied their rate of formation and kinetic stability under a variety of conditions. The ability to form R-loops at high efficiency under controlled conditions may facilitate the mapping and isolation of DNA sequences complementary to specific RNAs.
MATERIALS AND METHODS
Reagents. Xgt-Scl109 DNA and yeast total rRNA were generously supplied by R. Kramer. Formamide was purified by crystallization at -3' in a salt-ice bath. The mixture was stirred with a motor-driven, stainless steel paddle to the consistency of soft ice cream. A 250-ml polycarbonate centrifuge tube was cut in half and a nylon screen cemented between the halves. The formamide crystals were recovered by centrifugation onto the nylon screen. A hole, drilled just below the screen, was used to remove the sedimented liquid. The formamide was stored at -20°. For molecules containing R-loops was made by heating a mixture of Xgt-Scl109 DNA at 5 ,ug/ml and total rRNA at 5 sg/ml at 470 for 20 hr. As shown in Fig. 1 , clear R-loops were formed.
Each of 500 DNA molecules examined contained an R-loop. Therefore, it is possible to saturate DNA for the formation of R-loops. Measurements of the length of the DNA-RNA portion of the R-loops indicate that the rDNA fragment is homologous to about %4 of the length of the 26S rRNA. Single-stranded tails of RNA were only observed on one end of each R-loop, indicating that the rDNA fragment is homologous to one end of the 26S rRNA molecule. Determination of the rate of R-loop formation The reaction conditions used here were selected to give a reaction rate which could be readily measured. Much higher reaction rates can be achieved by increasing the RNA and salt concentrations. The course of R-loop formation under various conditions was followed by examination of samples in the electron microscope. The fraction of DNA molecules containing an R-loop was scored. The size of the R-loop was not considered. A total of 100-200 molecules were scored at each time point and 2-4 time points were taken for each condition. The accuracy of scoring in the electron microscope is greatest when i of the molecules have reacted. Therefore, time points near the i reaction time were scored and, in this work, the rate will be expressed as the time for i reaction since this value is directly measured. DNA as a function of time should give a straight line. This is supported by the data in Fig. 2 at two different RNA concentrations.
Rate of R-loop formation as a function of temperature The time course of R-loop formation was followed at a series of temperatures using a 20-fold molar excess of RNA. Some of these time courses are shown in Fig. 3 . The i reaction time was determined from such plots for each temperature. A plot of the log of the i reaction time as a function of temperature is shown in Fig. 4 . The rate of R-loop formation is very dependent upon the temperature of the reaction. This plot also demonstrates that the temperature (tm) at which maximum reaction rate occurs is very close to the tss (490) of the DNA. The temperature at which the largest and most uniform-appearing R-loops were formed was from tss-20 to to +10. At t -90, most of the Rloops were quite small and were formed from small RNA fragments. At tss +20, denatured fragments of Xgt-Sc11O9 DNA were observed.
Rate of R-loop formation as a function of RNA concentration and temperature For a simple bimolecular reaction, the rate of R-loop formation should be directly proportional to the RNA concentration. This prediction is verified for the reaction at t. +10 as shown in Table 2 . However, the rate at t .-60, as shown in Fig. 2 and Table 2 , is increased by a factor of only 1.5 Fig. 3 . The t.l for duplex DNA (DNA.DNA) and for the RNA-DNA hybrid was determined by electron microscopy as described in Materials and Methods.
Rate of R-loop formation as a function of ionic strength
The rate of DNA renaturation increases about 10-fold when the sodium ion concentration is increased from 0.17 M to 0.67 M (6) . The rate of R-loop formation was determined for this same increase in salt concentration. The addition of 0.5 M NaCl to the reaction mixture should increase the tm of DNA by 9° (6) . The i reaction time at 560 (tss-20) in 0.5 M NaCl, 0.1I M Pipes at pH 7.8, 0.01 M Na3EDTA with 5 ,ug/ml of DNA and 5 ,ug/ml of RNA is about 3.5 min. This represents approximately a 15-fold increase in reaction rate over the same reaction in the absence of NaCI.
Stability of R-loops
The large R-loops used in this work, once formed, are quite stable. They are quantitatively retained after storage for several days at 5°in the formamide reaction mixture. Two samples, stored for 2 wk after dialysis into I M NaCI-0.01 M Tris-HCl at pH 7.5-0.01 M NasEDTA or 0.1 M NaCl 0.01 M Tris HCI at pH 7.5-0.01 M NftEDTA, that originally contained 100% R-loops, were reduced to 99% and 98%, respectively. These dialyzed R-loop samples were also partially resistant to heat. About 25% of the R-loops remained in the sample containing I M NaCI after heating to 700 (tm-30°) for 5 min, and about The rate of R-loop formation was determined as given in Fig. 2 . Since such stability of the R-loops was observed, their stability during and after restriction endonuclease cleavage of R-loops containing DNA at 370 was tested. Fig. 5 shows one example of R-loops which were easily observed after cleavage of the DNA with EcoRI endonuclease. Removal of R-loops Upon removal of formamide, R-loops are thermodynamically unstable at tm -300 and are displaced by branch migration (7). However, this displacement of large R-loops by identical DNA strands is slow. Therefore, destruction of the RNA seems necessary for the elimination of R-loops. Two methods were successfully used. (1) The RNA was hydrolyzed by addition of 0.2 M NaOH and incubated at 370 for 10 min. Denaturation of the DNA was prevented by addition of MgSO4 to a final concentration of 0.01 M prior to addition of alkali. After incubation, the solution was neutralized with Tris-HCI and the Mg ion was removed by increasing the EDTA concentrations to 0.02 M. Some DNA aggregation was observed in the electron microscope with this method. (2) The R-loops are quite sensitive to RNase. Incubation for 5 min at 370 in 0.1 M NaCl, 0.05 M Tris-HCI at pH 7.5, 10-4 M EDTA with 10 Ag/ml of RNase A resulted in the total loss of R-loops.
DISCUSSION
The temperature for maximum rate (trm) of R-loop formation is within one degree of the t. of the DNA. From the values for t. of three XDNA EcoRI fragments with different known base compositions (Table 1) , the following equation relating ttnax to base composition can be derived for the conditions used in these experiments: tmax = 26.5 + 0.50 (%G+C).
If one assumes that the effect of salt concentration on the denaturation of DNA in formamide is the same as in aqueous soBiochemistry: Thomas et R-loops are not thermodynamically stable at tm -300 after the formamide is removed since the RNA is slowly displaced by the identical DNA strand through branch migration (7) . At low temperatures (tm-700), in the absence of formamide, the stability may result from random base pairing in the singlestranded regions which block branch migration. At higher temperatures (tm-300), branch migration commences and the RNA is found to be partially displaced. However, if displacement occurs at both ends, the RNA must thread through the R-loop once for each turn of duplex RNA-DNA hybrid removed. As the RNA is displaced, the loop becomes progressively smaller, and, concurrently, the displacement may become progressively slower. Consistent with this notion are the observations that, after heating in the absence of formamide, most R-loops are very small and that the rate of displacement at tm -300 is slower in low ionic strength buffer where electrostatic repulsion between the strands is greater. As evidenced by the RNase sensitivity of the R-loops, if the RNA is destroyed as it is displaced, these blocks to the branch migration are removed.
The formation of R-loops is probably equally complicated. The most likely mechanism for their formation is the generation of denatured regions in the duplex DNA to the nucleation event. The addition of base pairs to the nucleation complex may be slow due to steric interference in winding. The nucleation complexes that do not proceed to full R-loop formation dissociate before or during mounting for electron microscopy. The rate limiting sep above tss should be the rate of RNA nucleation. Therefore, above t, the rate of R-loop formation should be directly proportional to the RNA concentration as is found in this study. Also, as is found in this study, the rate of R-loop formation above the tss of the DNA should decrease because of the decreased stability of the nucleation events. With low RNA concentrations at temperatures below tag, the rate-limiting step could be the RNA nucleation.
Consistent with this suggestion is the observation that, at low RNA concentration between t. -60 and t., the rate of R-loop formation is fairly independent of temperature.
It is not clear if very small R-loops can be generated since our initial attempts to form R-loops with yeast 5S RNA have not been successful. Small R-loops have an additional complication in that the RNA is probably rapidly displaced.
The experiments presented here indicate that the R-loop formation reaction is quite complex. There are additional variables that were not quantitatively investigated. For example, the secondary structure in the RNA which is not totally removed under these conditions could affect the R-loop formation rate. Also, the size of theRNA may well affect the rate since it was observed that the ratio of R-loops derived from small RNA to those derived from large RNA was greater at temperatures below t. than at temperatures above tss.
The base sequence and composition may also affect the rate of formation and stability of R-loops. R-loops are sufficiently stable to withstand dialysis into a buffer of low ionic strength (0.05 M Tris.HCI at pH 7.5, 0.1 M NaCl) and cleavage with an EcoRI restriction endonuclease. This should greatly facilitate the mapping of a number of rRNA and mRNA sequences in DNA. The end of the R-loop can be rather precisely mapped relative to nearby restriction sites.
The use of R-loops should facilitate the physical isolation of specific genes. For example, R-loops might be formed on unfractionated DNA with use of a specific mRNA. The resulting preparation containing duplex DNA and R-loops on the specific gene sequence could be sedimented to equilibrium in a CsCl density gradient. The R-loop should give the DNA containing the specific gene sequence a density shift; this would result in considerable purification.
